Several realistic phenomenological nucleon-nucleon interaction models are employed to investigate the possibility of bound deuteron-like states of such heavy flavor hyperons and nucleons, for which the interaction between the light flavor quark components is expected to be the most significant interaction. The results indicate that deuteron-like bound states are likely to form between nucleons and the Ξ ′ c and Ξ cc charm hyperons as well as between Ξ hyperons and double-charm hyperons. Bound states between two Σ c hyperons are also likely. In the case of beauty hyperons the corresponding states are likely to be deeply bound.
Introduction
The interaction between nucleons and several classes of heavy flavor hyperons is expected to be dominated by the long range interaction between the light flavor components of the baryons. As an example, the interaction between nucleons and the recently discovered double-charm hyperons [1, 2, 3] is mainly due to the interaction between the single light flavor quark in the double flavor hyperon and those in the nucleon. The color-neutral interaction between charm and light flavor quarks is either weak or of very short range. In the case of two-baryon states, in which the interaction between the light flavor quarks is the dominant one, it should be possible to calculate the binding energy to a first approximation by modifying realistic phenomenological nucleon-nucleon interaction models to take into account the different numbers of light flavor quarks in the baryons [4] . This method is explored here. It is found to have at most qualitative value, however, due to the fact that the short range components of the extant realistic phenomenological nucleon-nucleon potentials are poorly constrained. Its use should be limited to those potentials which do not have strong angular momentum dependence.
The modification of the nucleon-nucleon interaction required for systems with different numbers of light flavor quarks is straightforward when the nucleonnucleon interaction is expressed in terms of operators, which have well defined matrix elements in the quark model, and the strength of which may therefore be correspondingly rescaled from the nucleon-nucleon system to the twobaryon system under consideration. In this approach the radial behavior of the interaction components is determined by the phenomenological nucleonnucleon interaction, without any need for a detailed microscopic quark model based derivation of the interaction. Two-baryon systems that may -at least approximately -be described in this way are the following: N − Σ c , N − Ξ ′ c , N − Ξ cc as well as those with the nucleon (N) replaced by the paired charm hyperon and finally also the corresponding states that involve beauty rather than charm hyperons. To the extent that the interaction between the strange and light flavor quarks may be neglected the interaction between Ξ hyperons and the corresponding charm hyperons may also be described in this way in a first approximation. In contrast the interactions of heavy flavor hyperons with zero isospin like the Λ c and the Λ b hyperons, which do not couple to pions, cannot be approximated by rescaled versions of the nucleon-nucleon interaction.
The interaction between nucleons and charm and double-charm hyperons is weaker than that between the nucleons, because of the smaller number of light flavor quarks in the charm and double-charm hyperons. The weaker attractive interaction is largely compensated, however, by the weakening of the repulsive effect of the two-baryon kinetic energy that is caused by the larger masses of the charm and double-charm hyperons. As a consequence the calculated binding energies remain small and dependent on the details of the interaction model in the case of charm hyperons, and typically become large only in the case of systems of beauty hyperons.
Here the interaction between the two-baryon states that are formed of nucleons and heavy flavor hyperons is calculated from the realistic phenomenological interaction models in Refs. [5, 6] . For an estimate of the theoretical uncertainty in the calculated binding energies the set "AVn" of systematically simplified versions of the AV18 interaction model is also employed [7] .
Below, two-baryon states of nucleons and iso-doublet hyperons are considered first. States with isospin 1 hyperons are considered thereafter. The results are summarized in the concluding discussion.
2 Two-baryon states of isospin 1/2 baryons Two-particle states formed of heavy flavor isodoublet baryons are similar to the two-nucleon system in that they have a long range pion exchange interaction, and an attractive intermediate range component, which to a large extent may be attributed to two-pion exchange [8, 9] . To the extent that the color-neutral interactions between their heavy flavor quarks is weak in comparison to the interaction between the light flavor quark components, the interaction mayto a first approximation -be constructed by multiplication of the components of the nucleon-nucleon interaction by appropriate quark model scaling factors.
The phenomenological nucleon-nucleon interaction is in general expressible in terms of rotational invariants of spin and isospin operators as well as momenta and angular momenta. The scaling factors for the strengths of the matrix elements of spin and isospin invariants for two baryon states of isodoublet baryons relative to the corresponding two-nucleon state matrix elements may be derived from the quark model matrix elements of the spin and isospin operators for light flavor quarks. For Ξ cc (and Ξ) hyperon states the matrix elements are:
For the corresponding single charm hyperon states formed of Ξ ′ c hyperons the matrix elements are:
From these matrix elements one may derive the scaling relations that apply for the rotational operators in nucleon-nucleon interactions. As an example the AV18 interaction model is given in the operator form [6] :
The operators O p=15,..18 are part of the isospin breaking electromagnetic components which depend on the baryon charge. These (small) terms are dropped here since they are inapplicable to hyperons.
The decomposition used in Ref. [5] is slightly different from (4):
where
The corresponding scaling factors are listed in Table 1 .
The total spin operator S = ( σ i + σ j )/2 does not yield an unambiguous scaling factor, when the matrix elements contain terms with different scaling behavior. In the first and the third column of Table 1 (bound states with nucleons), the scaling factors for all operators, which contain the total spin-operator S, have been approximated by the largest scaling factor in the corresponding expression. In the other columns (bound states of two hyperons) only the scaling factors containing ( L · S) 2 had to be approximated in the same way.
The scaling factors in Table 1 reveal that the interaction between Ξ ′ c and Ξ cc hyperons differs qualitatively from the nucleon-nucleon interaction in that the spin-independent central interaction, which contains most of the intermediate range attraction, and the strong short range repulsion is weaker by an order of magnitude. This weakening of the short range repulsion increases the relative importance of the other short range interaction components, which are of little significance for -and as a consequence not very well constrained by -low energy nucleon-nucleon scattering observables. As these other short range components vary significantly between the different nucleon-nucleon interaction models, this will cause a considerable theoretical uncertainty in the binding energies of the two-baryon systems when calculated with different interaction models.
The weakening of the short range repulsion is illustrated for the two non-local Nijmegen potentials Nijm93 and NijmI, and for the two local potentials NijmII and AV18 in Fig. 1 . In the figure the matrix elements for the isospin 0 state of the central interaction potential component v 1 (r) − 3v τ τ (r) is plotted both for
Scaling factor Table 1 Quark model scaling factors for the interaction operators for two-baryon states formed with Ξ ′ c , Ξ (cc) hyperons and nucleons (N ). The superscript † indicates lack of an unambiguous scaling factor. For these cases the largest scaling factor was chosen.
the nucleon-nucleon and the Ξ cc − N systems. In the latter the quark model rescalings in Table 1 have been taken into account. In the case of the Nijm93 interaction model the short range attraction in the nucleon-nucleon system is replaced by short range repulsion in the Ξ cc − N system. In the case of the NijmI interaction model this potential matrix element becomes entirely attractive in the case of the Ξ cc −N system, while in the case of the two (local) potentials NijmII and AV18 the short range repulsion is almost wiped out.
The two-baryon states of Ξ ′ c and Ξ cc baryons differ from the deuteron in that the long range pion exchange interaction is also weaker by more than an order of magnitude. Due to this weakening this interaction is not the main source of binding, as it is in the case of the deuteron. In Table 2 the binding energies for isospin 0 combinations of Ξ ′ c −N and Ξ cc −N states -calculated by solving the Schrödinger equation with the rescaled versions of the three Nijmegen [5] and AV18 [6] models for the nucleon-nucleon interaction (without the isospin breaking electromagnetic components, which depend on the baryon charge) -are listed. For comparison, the corresponding binding energies that are obtained with the rescaled class of AVn' interactions are also listed in the table. To obtain these results only the baryon mass independent scaling factors from Table 1 were used.
The very large binding energies obtained with the rescaled AV18 interaction models are notable. These arise from the strong L 2 interaction component in the AV18 potential.
Due to the strongly attractive central component of the rescaled NijmI interaction, unrealistic deeply bound states with binding energies in the range of 1 − 10 GeV are found with that interaction model. For some of the other systems, that will be discussed later, the rescaled Nijm93 interaction shows a similar behavior. In the tables such results will be denoted by the entry * * * .
In Table 3 the corresponding calculated binding energies for two-baryon states with isospin 0 of the form Ξ − Ξ cc and Ξ ′ c − Ξ cc as well as Ξ cc − Ξ bb are listed. Here the mass of the Ξ bb was taken to be 9 GeV. The rescaled AV18 potential implies substantial binding energies also in the case of these states. Concerning the results obtained with the Nijmegen potentials, it can be seen that the two non-local versions, Nijm93 and NijmI, do not predict bound states and in most cases produce unrealistic results. The local version, NijmII, gives rise to bound states. These binding energies are considerably smaller than those obtained with the AV18 interaction.
The substantial spread in the calculated binding energies is a direct consequence of the large differences in the short range parts of the different potential models, which is accentuated in the case of the S−states. In Figs. 2 and 3 the diagonal S− and D−state potentials for the Ξ cc − N systems are shown for the different potential models. The NijmI potential model has a very attractive D−state interaction, which leads to the unrealistically large calculated binding energies.
The large binding energies that are associated with the L 2 component of the rescaled AV18 potential suggest that the quark model scaling factors in Table 1 may be oversimplified in that they do not take into account the possibility of baryon mass dependence in the scaling factors of the interaction components, which depend explicitly on angular momentum. The scaling factors in Table 1 are obtained algebraically by application of the quark model wave functions. They therefore do not take any account of the fact that in dynamical models of the nucleon-nucleon interaction, the components which contain the angular momentum operator L, always contain an inverse power of the nucleon mass. This dependence on an inverse power of the nucleon mass plays a crucial role in the determination of the scaling of the nuclear interaction in the large N C limit [10, 11] .
In a quark model based derivation of the nucleon-nucleon interaction, it will, however, be the constituent quark and not the baryon masses which arise in the angular momentum dependent components. As in the present calculation, where only the interactions between the light flavor quarks are considered, the scaling factors in the table do not depend on the baryon mass. In order to investigate the numerical sensitivity to this issue, the possibility of a baryon mass dependence for the scaling factors, which are associated with the angular momentum dependent operators in (4), was investigated.
For the L · S, L 2 and ( L · S) 2 potential components for baryons of unequal mass we consider the additional mass dependent scaling factor:
and for interactions that involve the quadratic spin-orbit interaction operator Q 12 the mass dependent scaling factor is taken to be: Table 4 Binding energies of Ξ ′ c − N and Ξ cc − N with I tot = 0 as obtained with the quark model scalings in Table 1 with the additional mass factors in Eqs. (6) and (7) in the angular momentum dependent terms.
Here m is the mass of the light baryon and M is the mass of the heavy baryon.
In order to study the significance of this issue, the binding energies of the N − Ξ ′ c and N − Ξ cc systems, as obtained when the scaling factors for those components are allowed to depend on mass as in (6) and (7), are shown in Table 4 . With mass dependent scaling the AV18 potential does not lead to any bound state. In contrast the NijmII interaction model result for the binding energies is only slightly smaller when the mass dependence of the scaling factors is taken into account. This is a consequence of the fact that the angular momentum dependence of the NijmII interaction model is weak in comparison to that of the AV18 interaction.
In the case of the isospin 0 two-baryon states of the form Ξ − Ξ cc , Ξ ′ c − Ξ cc and Ξ cc − Ξ bb the results are similar, as shown in Table 5 . The binding energies calculated with the AV18 are considerably smaller, when the mass dependence of the scaling factors is taken into account. This result indicates that more confidence should be given to the results that are obtained with the NijmII potential model, which has a weaker dependence on angular momentum than the AV18 interaction. This conclusion is also supported by the fact that the angular momentum independent AVn' potentials give rise to far smaller binding energies than the AV18 interaction. The results for the two non-local Nijmegen potentials Nijm93 and NijmI remain unrealistic even when the mass dependent scaling is considered. This seems to indicate that these potentials AV1' --- Table 5 The calculated binding energies of Ξ−Ξ cc , Ξ ′ c −Ξ cc and Ξ cc −Ξ bb states with I tot = 0 a obtained with the quark model scaling factors in Table 1 with the additional mass factors in eqs. (6) and (7) in the angular momentum dependent terms.
are not very well suited for the rescaling procedure used here. and (yet to be discovered) Ξ bb will be deeply bound. As noted above, the NijmII interaction should be expected to give the most realistic estimates for the binding energies.
Above, only the diagonal interactions in the two-baryon states formed by heavy hyperons have been included. Transitions between different combinations of charm hyperons are however possible through charm exchange interactions. Because of their short range they will be much weaker than the diagonal interactions that are mediated by light flavor exchange mechanisms. Two-baryon states formed by Ξ cc may couple to Λ c − Ω ccc states. If the total mass of the latter is lower than the mass of the bound Ξ cc − Ξ cc state, the latter state will only be metastable. While the mass of the Ω ccc is unknown experimentally, several quark models suggest that the mass of the Λ c − Ω ccc state may be lower by some 130-160 MeV [12, 13] . In this case the AV18 interaction, without mass dependent scalings, leads to Ξ cc − Ξ cc bound states but the NijmII interaction only to a metastable state. In contrast the calculated "bound" states of two Ξ ′ c hyperons, which may couple to the Ξ − Ξ cc state by charm exchange will be only metastable, as the mass of the latter is lower by ∼ 370 MeV. The states of the latter are consequently bound and not metastable.
3 Two-baryon states with isospin 1 charm hyperons
Baryon-baryon interactions with isospin 1 baryons
The scaling of the interaction matrix elements for states that contain isovector baryons is calculated by noting that the isospin 1 operators T 1,2,3 satisfy the SU(2) algebra [T p , T q ] = iǫ pqr T r , without any factor 1 2 on the right hand side as for the Pauli isospin matrices ([
The scaling factors are most readily obtained by first rewriting the isospin operator terms τ i · τ j in the NN potential as 4 · 1 2
state is replaced by a isospin 1 state, i.e. 
Formally, a factor 2 is then introduced:
This factor 2 is already contained in the scaling factors employed here. These scaling factors consider the scaling relative to the sum over the isospins of the constituent quarks, q τ q , and not relative to τ baryon = q τ q or T baryon = 1 2 q τ q . The operator τ i · τ j therefore has to be replaced by the operator T i · τ j in the potential. The "missing" factor 2 is generated by the scaling factors.
For the same reason τ i · τ j must be replaced by T i · T j when a system of two isospin 1 states is considered. The scaling factors contain the necessary factor 4. The explicit (unscaled) matrix element relations are thus: 
The scalings of the matrix elements for the light quark operators between Σ ++ c or Σ 0 c hyperons and nucleons in the quark model are:
The scaling factors for the different interaction components are listed in Ta The calculated binding energies for these two-charm hyperon states are listed in Table 7 . For the symmetric isospin 2 states with the charge states ++ and 0 the Nijm93 interaction and the AV18 interaction lead to bound states, while most of the AVn' potential models yield no bound states. In contrast, the NijmII and many of the AVn' potentials give rise to bound states for the antisymmetric isospin 1 state. There is, however, no convergence on the value of the binding energy. 
The corresponding scaling factors for non-diagonal matrix elements of light flavor quark operators between Σ 0,++ c and Σ + c hyperons and matrix elements between proton and neutron states are:
The interaction scaling factors for the two-baryon states of this section are listed in Tables 8 and 9 . 
Here the first −2 arises from Σ Using the same scaling factor 4 for all terms leads to the correction:
Analogously, one gets for the matrix element: 
2; 0 |
the correction:
For the states | 2; ±1 and | 1; ±1 such corrections are not needed since there occurs no mixing of the isospin dependent scaling factors (this may be seen from the explicit expressions of the matrix elements). In those states all terms scale like Σ
The scaling factors for operators that do not contain isospin are the same as for the other states.
The calculated binding energies for these combinations of Σ c hyperons are also listed in Table 7 . Both the Nijmegen potential model and the AV18 potential Table 9 Quark model scaling factors for the interaction operators for Σ c −N states (obtained from non-diagonal matrix elements as Σ ++ c n | · | Σ + c p ) and Σ 0,++
as well as most of the AVn' potential models suggest that most of these twobaryon states formed of charm hyperons are bound.
A certain pattern can be observed. The NijmI, NijmII and the AVn' potentials lead -as for the | 2; ±2 and | 1; 0 cases -to bound states only for the isospin antisymmetric states while the Nijm93 and the AV18 potentials prefer isospin symmetric bound states. The antisymmetric | 0; 0 state is an exception. For this states the AV18 potential leads to a bound state with a large binding energy. Comparatively high binding energies are also predicted by most of the other potentials.
The bound states of two Σ c hyperons found in Table 7 for some of the interactions are only metastable. The isospin 2 states can couple to the lower lying Ξ cc − ∆(1232) states that have the same isospin by the short range charm exchange interaction. In the same way the isospin 1 and 0 states can couple to the even lower lying Ξ cc − N states. Even the the strong binding for the isospin 0 states from the AV18 interaction cannot compensate the large mass difference of ∼ 500 MeV.
In contrast the bound states of Σ c hyperons and nucleons that will be discussed in the following section are stable. They can only couple to the Λ c − ∆(1232) and Σ c − ∆(1232) states which have ∼ 120-300 MeV higher masses. The simplest combinations of nucleons and Σ c hyperons are the two symmetric isospin 3/2 combinations:
The interaction scaling factors are the same for these two combinations. They are listed in Table 6 . The corresponding calculated binding energies are listed in Table 10 . Only the Nijm93 and the AV1' potentials suggest the existence of a very weakly bound state. All other potentials predict no bound states.
Discussion
The investigation above considered the use of well known phenomenological nucleon-nucleon interaction models to approximately describe the interaction between nucleons and heavy flavor hyperons and to explore the possible existence of deuteron-like bound states of nucleons and heavy flavor hyperons. The method relies on quark model scaling factors for scaling the strengths of the different interaction components to the appropriate number of light flavor quarks in the heavy flavor hyperons considered. While straightforward in execution the method proved to be only of qualitative value because the large variation in the short range components of the different modern nucleon-nucleon interactions led to considerable scatter in the calculated binding energies of the two-baryon systems considered.
Another limitation is the fact that the quark model scaling factors for the angular momentum dependent interaction components, which relate to the light flavor quarks, do not reveal the expected dependence on the hyperon mass, which is suggested by the large N c limit of QCD [10, 11] . Because of this the binding energy estimates that are obtained with the Nijmegen and the AVn interaction models should be viewed as more reliable than those obtained with the AV18 interaction, which has a strong quadratic angular momentum interaction.
With these provisos, the present results suggest that nucleons form bound states with Ξc ′ hyperons in the isospin 0 state that have binding energies in the range between 3 and 14 MeV. With somewhat less certainty nucleons are expected to form bound states with Ξ cc hyperons, with binding energies between 1 and 34 MeV. Such deuteron-like bound states of Ξ cc hyperons, and of Ξ bb as well as of Ξ cc and Ξ bb hyperons are also very likely, with binding energies in the range 90 -120 MeV. Bound states of nucleons and Σ c hyperons are also likely, although their binding energy cannot be estimated with certainty with the present method. Most likely isospin antisymmetric states with low total isospin will be strongest bound.
Here the interactions between strange and light flavor quarks have not neglected. A more realistic description of the states that contain strange quarks, e.g. the Ξ or Ξ ′ c hyperons, should be possible by using a rescaled baryonbaryon potential like the Nijmegen NSC97 potential [14] . However, due to the limited experimental data that is available to fit such potentials, this would also introduce additional uncertainties.
A Quark model wave functions
The quark model wave functions of the baryons considered in this work can be written as: Ψ = ψ s (r)[φ(flavor)χ(spin)] s ξ a (color) , (A.1) where the subscript s denotes a symmetric and the subscript a an antisymmetric component of the wave function.
